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MEASUREMENTS OF ATMOSPHERIC TURBULENCE

By B. B. Helfand y T

SUMMARY

The results obtained from a series of flight measurements of
gtmospheric turbulence within convective-type clouds and from
meteorological soundings are presented together with descriptions of
the flights and concurrent weather conditioms. These results are
presented to provide & background of experience for the forecaster
and pilot by illustrating the turbulence conditions as indicated by
effective gust velocities in convective-type clouds under spring and
sumner weather conditions along the eastern coast of the United States.

INTRODUCTION

Up to the present time, few detailed quentitative data have been
available on metsorological observations made concurrently with
measurcments of atmospheric turbulence. This information is hnportant
to meteorologists and flight personnel in the planning of flight
opsrations for which turbulence must be predicted on the basis of the
usual synoptic msteorological reports.

An opportunity to obtain such data was afforded by a recent
investigation of atmospheric turbulence conducted by the Langley Gust
Loads Section of the NACA. Acceleration end alrspeed records taken
during flights of the XC-35 airplene through turbulent air in convective-
type clouds permitted the determination of turbulence in texrms of
effective gust velocities, and yadio soundings made at the time of each
flight and concurrent synoptic weabther reports provided the meteor-
ological data.

In order to make the information evailable to meteorologists
and flight personnel, the results obtained from the meteorological
measurements and concurrent flight measurements of atmospheric
turbulence for typical weather situations are prosented herein. It
is evident that this type of information obtained in a series of tests
in cne locality over a limited period of time is insufficient to
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establish general flight rules. The material presented is therefore
intended only to provide a background of experience for the weather
forecaster and pilot which would not be readily obtainable and which
mey be used as a gulds for future estimates of atmospheric turbulence
from other meteorological observations. o

TURBULENCE MEASUREMENTS FRCM AN AIRPLANE

A quantiity extensively used in ‘the measurement of atmospheric
turbulence from an alrplense in flight is the effective gust veloclty
Ué (reference 1) defined by

> BT | @
in which
An acceleration incremsnt normal to airplens, g (gravity)
units
w weight of airplane, pounds
m glope of wing 1ift-cosfficient curve, per radian
Po mass density of alr at soa level, slugs per cubic foot
] wing ares, sgusre feet
Vé equivalent airspeed, feet per second; obtained from
Ve = v(f_%)l/g
v true alrspeed, feet per second
o ma.ss densi£y-of embient air, slugs por cubic footb
K mmmWaHWMMmfﬁwnafmmmndwmgwag

W/S, allowing for response chavacteristice of airplane and
veloclity gradient within gust

As indicated by equation (1), the effective gust velocity is determined
from the acceleration response of the airplene to a gust and as such
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is a fictitious velocity assumed to act over ‘the entire airplane and
in a vertical direction since the usual gllding and climbing angles
_relative to the horizontal plane ere small. The maximum effective
gust velocity over & glven path of rough alr serves as a very useful
paremster in the study of structural loads becauss of 1ts relation
to the maximum normel -acceleration lncrement of the alrplanse.

The relation between the effective gust velocity and the actual
gust velocity, a basic metsorological gquantity, depends upon the
assumptions made in the derivation of equation (1). On the basis of
date obtained in flights with the XC-35 airplene, it is shown in
reference 2 that the maximum effective gust velocity is proportional
to the maximm actusal gust velocity as mcasured by indicated-airspesed
fluctuations over & given flight path. Uupublished analyses made by
the Langley Gust Loads Section have furtheirmore shown significant
correlation between ths maximum effsctive gust velocity and other
meteorologlcal guentities, which indicates the walidity of the maximum
effective gust velocity as a meteorological parameter. In view of
the significance of the maximm effective gust velocity to structural
loads on aircraft and to meteoroleogical conditions, it is used in
the present paper as the parameter specifying atmospheric gustiness.

APPARATUS

The XC-35 airplane used to obtein the flight data was a
modification of the Lackheed 10-E incorporating a pressurized cabin
and engines of greater power. It was designed for a service ceiling
of 35,000 feet and hed a wing loeding W/S of 24,3 pounds per square
foot. The K-factor used in computing the effective gust velocities
wvas 1.08. (See fig.l of reference 1.) Other cheracteristice and
dimensions of the airplane are listed in refersnce 2.

The instruments used in the airplane to determine the gust
intensities for the present study were:

(1) NACA sir-demped recording accelerometer

(2) NACA airspeed rscorder

(3) NACA synchronous timer (1l-sec intervel)
The acceleration and airspeed recorders were standerd NACA instruments
and were fitted with magazines carrying sufficient photographic film

for 30 minutes of record. The timer was used to synchronize the
airspeed and acceleration measurements by impressing l-second-interval
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timing marks on the records.

Photographs of cloud developuents prevailing at the time of the
flights and within which the measurements of turbunlence wers cbtained
were made from the esirplanea with a hand Agfe Speedex cemsra of

3%-inch focal length.

Equipment for obtaining atmospheric soundings consisted of a
Diamond-Einman-Friez Raysonde, the development of which was sponsored
by the Navy, inocorporating an slectric hygrometer end the gycloray
type of ground recorder.

TEST PROCEDURE - -

Airplane flights and rsdiosonds ascents were made when weether
conditions appeared conducive to turbulence at high altitudes.
Morning synoptio roporits and soundings provided information on vhich
the turbulence forecast for the day was baged, but flights were not
begun until succeeding observations of cloud developmsnt verified the
forecast.

The rediosonde program was arranged with the intention of
obtaining thres or four consecutive soundings spaced at intervals
of about 2 to 4 hours throughout the days of the airplane flights.
Because of instrumentetion difficulties and forscasting limitations,
however, the number of meteorological soundings and the time of
soundings relsbive to the time of the airplane flights wvaried.

The usual procedure was to climb to service ceiling, to selest a
clovd formation for survey, and to make successive traverses through
the cloud at various eltitudes. Mosgt of the traverses were mede
through cumilus-~congestueg and cumulo-nimbus-clouds, but in several
instances meassurements of gust intensities were made in clesr sir when
turbulence wes encountered. The test lnstruments in the alrplanse were
operated only at timeoes when turbulent conditions prevailed, and
measurements were made at altitudés verylng from ebout 2000
to 34,000 feet.

SEIECTION OF DATA

A total of 35 flighte was mede with the X0-35 airplane under 8
variety of spring end summer weathéy conditions. These flights were
clessified in accordance with the local woather econditiens prevailing
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at the time; thet is, measurements obtained under conditions In which
thermal eir-msss activity was predominant as the cause of cumulus

cloud growth were separated from those which included other significant
factors. The various categories are as follows:

(1) Tropicel meritime eir mass, very weak surfece pressure gradient

(2) Tropical maritime air mss, advection from the south or sou’chwes'b
cold front to the northwest —_—

(3) Cold front passing, polar continental air replacing tropical
maritime air

(4) Warm front approaching, polar maritime air at the surface,
troplical maritime airaloft

(5) Stationery front to the south separating tropical maritime and
polar maritime air

Flights were selected from each category on the basis of the completeress
of the information avallsble.

RESULTS

A total of 10 ropresentative flighta has been chosen for
presentation herein tne figure is included for each flight: pert (a)
shows the surface synoptic weather chart for 1330 eastern standard -
time on the date of the flight, and part (b) shows the atmospheric
sounding taken nearest to the time of the flight. Part (b) also
includes one or two photographs of typical clouds traversed and a
diagram to illustrate the vertical extent of the clouds traversed. In
addition, the range of effective gust veloclty experienced on each
traverse of the flight is noted by horizontal bars superlmposed on the
cloud diegrem. The end points of the bars represent maximum values
with positive gust velocitles dirscted upward and negative gust
velocitles directed downward. The symbols and nomenclature for the
date included in the figures for each flight ars given in table I.

In parts (b) of the figures, curves of constant potential
temperature 6 (dry adisbats) and constant gquivalent potential
temperature - 6 (moist adiebats) are drawn threough the point which

represents the height of the basc of the clouds traversed. At each
significent point represented by a circle, velues are given for the
mixing raetio in grams per kilogram snd the relative humidity in
percent. The observations for the upper winds at times closest to
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the time of flight are also shown. Each "half-longth feather' on
the wind arrow represents one number on the Beaufort scale.
Exemples representative of the verlous categories are given in the
followling sections. .- - .

Tropical Maritime Alr Mass, Vury Weak Surface

Preasure Gradient

Flight of Ausust 20, 1ghE.~ The entivu eastern part of the
United Stabtes was covered by troplcal maritime alr circulating
around the western side of the Bermuda high on fugust 20, 1942.
Ag shown by the syncptic chart (flg. l(a)) the eurface pressure
gradient was very weak at Langley Field, Va.; which allowed & sesa
breeze to develop during the afternoon giving a moderate southeasterly
wind. The possibility of frontolysis occurring neer the Virginle -
North Carolina border is indicated by the high clouds over Langley
Field which were reporited as e cirro-stratus overcast until 1430 EST
and chenged through broken slto-cumulus clouds to scattered clouds
at 1600 EST. Scattersd cumulus cloude with bages at 3000 Ffeet
algo appeared during the morning and increaged to broken cumulus-
congestus clouds with tops up to 15,000 feet by 1600 EST. The
radio sounding (fig. 1(b)) shows a conditionally unsteble layer
up to 13,000 feot topped by an iscothsrmal layer froum 13,000
to 15,000 fest. Winds aloft as shown in figure 1(b}, were falirly
light, veering from southwest at L4000 feet to west at about 20,000 feet.

The cloud s&lected for survey after take-off at 1435 EST was
a cumulus~congestus cloud to the southwest of Langley Fileld with base
and top estimsted at 3000 end 15,000 feet, respectively. Betwsen
1456 EST and 1518 EST, five traverses wero made through the cloud
whlch was apparently beginning to dissipate. Photographs of the
cloud in iwo staeges of development are given in figure 1(b).

Flight of September 9., 1942.- During the afternoon of September 9,
1942 cumuliform clouds, showers, end thunderstorms were prevalent
over most of the scutheastern states. Ths surface synoptig chart
(fig. 2(a)) shows that surface temperaturie ranged from 75 F on
Cepe Charles, Va., surrounded by water, to 94° F at South Hill, Va.
A front, which probably 41d not affect ths dovelopment of cumulus
clouds on this day, is shown sbout 180 miles north of Lengley Fiwld.

Obgervations at Langloy Fileld showod scettered cirrus olouds
moving from the west and persisting &ll day. Cumulus clouds appeared
at 1130 EST and developod to heights esbimated to be 20,000 fest.
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An analysis of the sounding (fig. 2(b)) does not indicate
8 grealt deal of energy availlable for convection but does indicate
the possibility of cloud development at heights up to 28,000 fest.
Other soundings made on the same day showed no significant
differences other than in the lower layers influenced by diurnal
heating.

A series of traverses wes made through & developing cumulus-
congasstus dloud formation near Langley Fleld between 1331 EST and
1427 EST. The survey was maede in steps of increasing altitude from
5000 to 15,000 feet, and during this tims the cloud top increased
in helght from 10, OOO to 20,000 fest. Up and down drafts were
encountersd in all traverses up to 14,000 feet and rain was observed
above 9000 feet. Rain began to fell frem the base of the cloud after
the lending was mede at 14h6 EST and the cloud then dissipated
rapldly. '

Flight of September 19. 1942.— As shown in Tigure 3(a), Langley

Field was between two high-pressure centsrs to the northeast and

southwest end two low-pressurs centers to the northwest and southeast |

on September 19, 1942. Classification of the ailr mass is accordingly
somewhat difficult. The showers shown in figurs 3(a) west of the
Allegheny Mountains were probably assoclated with the cold front
which was too far west to affect Langley Field weather. Cumulus- _
congestus and cumulo-nimbus clouds were reported over a wide region
of the eastern United States during the efternoon and observations
&t Langley Field showed cummlius clouds beginning to form at 1030 EST'
with bases from 2500 to 3000 fuet. These develcoped to heights

estimated up to 25,000 feet and dissipated by 1630 EST, Temperatures

in the state of Virginia veried from 84° F to 90° F at 1330 EST.

The radiosonde observation at 1255 EST (fig. 3(b)) revealed an
inversion at 10,000 fest. Below the inversion the relative humidity
was 60 percent or greater, and above the inversion the rslative
humidity was only 15 percent or luss, which suggested subsidsnce.

An appreciable emount of energy was available, however, for convection
that would not be overcome by the inverkion.

After the teke-off at 14lh EST, four traverses betwsen the
levels of 8000 and 14,000 feet were nede through & cumilus-congestus
cloud located about 25 miles northwest of Langley Fisld. The first
treverse was made at 1427 EST during the climb, and the last at
1447 EST. The cloud was then beginning to dissipate after having
reached a meximum helght estimated at 16,000 feet. Strong drafts were
encountered at 12,000 feet and water collections were noted on the
airplane during each traverse. A photograph of the cloud at its
full stage of development is shown in Pfigure 3(b).
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- A second cloud, about 30 miles south of Langley Field, with
the top estimated et 25,000 feet, wes surveyed between the altitudes
of 21,000 and 16,000 feet from 1505 EST to 1536 EST. Light rein and
hail were encountered by the airplane during ell traverses, and
drafts of sufficient intensity to carry the alrplene upward
gbout 1500 feet were encountered during the three highest traverses
shown in figure 3(b).

Tropical Maritime Air Mass, Advectlon from the South

or Southwest, Cold Front to the Northwest

Flight of August 23, 3Qhl.- A cold rront was moving eastward
on the afternoon of August 23, 19hl as shown in the synoptic chert
(fig. 4(a)). The cold front was typical of surmer fronts, poorly
defined at the ground with tropicel meritime alr and polar continental
air on the east and west sides of the front, respectively, end with
cumulus clouds prevalent on both sides. The thinderstorm activiiy in
the southeastern states might passibly heve. been assoclated with
an ill-dsfined warm front noted on previous charte for this period
but not apperent on the chart in figure L(a).

The sounding at 1157 EST (fig. 4(b)) indicates modsrately moist
alr at high altitudes as well as et lower altlitudes and a sufficlent
smount of energy avallable for convection.

A cumulus -congestus cloud about 20 miles west of Langley Field
was selected for survey. This cloud wes pert of a formetlon lying
in an east-west direction with peaks estimated as high as 35,000 feet
end with basss at 3000 feet. From 1500 EST to 1548 EST traverses
were made through the cloud between the levols of 30,080 end 20,000 feet.
Strong drafts were encountercd at 30,000 feot which carried the plane
up a8 high as 31,5C0 feet. .

- Flight of July 3, 194).- The synoptic weather chart (fig. 5(a))

shows a quasi-stationary front with several waves to the north of
Langley Fleld, with Langlsy Fisld situated Iin advance of the cold
front section of one of these waves on July 3, 1941l. The [ront was
obgerved toc pass Lengley et 1945 EST when the wind, which hed been
south-southwest during the day, veered to the west-southwest.

The radiosonde observation (fig. 5(b)) shows high moisture
content to ebout 3000 feet and moderate moisture up to 16,000 fect.
Above this height the molsture content abruptly decreeses. The lapse
rate Indicates that much energy is avallablo for convective activity
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vhether it is forced mechanically or thermally. The thin lsothermal
layer at 23,000 feet appears insufficient to etop cloud growth at
this height.

A large cumulo-ninbus and cumulus-congestus formetion
about 30 miles north of Langley Field was selected for siurvey. The
formation lay in a northeast-southwest line with bases at 3000 fest
eand tops estimated at 30,000 feet: A few lightning flashes were
observed within the clouds at 11,500 feet during the climb.
Traverses were started gt 23,500 feet, just below the anvil of a
cumulo-nimbus cloud at 1457 EST, and continued at successively
decreasing altitudes to 1557 EST. One lighining flash was observed
during the traverse at 26,500 feet. Light rain was encountered in
the lower traverce (about 20,000 £t) and also in a neighboring
cumulus-congestus cloud at 16,500 feet.

Flight of July 1k, 1942.- The synoptic weather chart (fig. 6(a)) _
shows thet a cold front was approaching the east coast on July 14, 1942.
At the time of the flight, the front was sbout 300 miles northwest
of Langley Field, although the upper westerly winds (fig. 6(b))}
suggest a fast motion of the front. The trough in advance of the
front moved eastward causing the wind at Lengley Field to veer from
southwest to west-southwest at 1600 EST. Observations at Langley
Fleld showed broken cirrus clouds during the morning and afternoon
changing to scattered clouds by 1600 EST and disappearing by 1700 EST.
Curulus clouds began to form at 1300 EST with bases estimated ’
at 5000 feet and tops developing to sbout 18,000 fest.

The radlo sounding (fig. 6(b)) shows the air to be conditionally
unsteble above the convection condensation level so that clouds
could form through diurnal heating.

Seven traverses were made through & cumulus-congestus cloud
about 25 miles northwest of Langley Field between 141l EST and 1511 EST.
The cloud top was estimated at 17,000 feet and the base at 5000 feet.
Figure 6(b) includes a photograph of the cloud teken immediately
before the first traverse. -

Flight of September 5, 1941.- An examination of the synoptic
chart (fig. T(a)) reveals that Langley Field at the time of the
flight on September 5, 1941 was situated at the southern end of a
large werm sector, the air mass being tropical maritime. Surface
temperatures were 90° F to 93° F in the vicinity. Observations at _
Langley Fleld showed scaettered cirrus clouds to be prevalent all day.
Cumulus clouds began to form at 1430 EST and developed to heights
gstimated_at 31,000 feet. Thege clouds did not dissipate until
000 EST. . .
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The radio sounding (fig. 7(b}) reveals ample moisture and
instability for cumulus clouds in the afternoon period.

A line of cumulus-congestus and cumulo-nimbusg clouwds lying in
a northwest-southeast direction about 50 miles from Langley Fleld
was approeched after take-off at 1500 EST. Four traverses between
the eltitudes of 26,500 and 18,000 feet were made through a
diesipating cumulo<nimbus cloud with base and top estimated at
4500 fest and 31,000 feet, respectively, frdm 1553 to 1608 EST.
Two additional traverses at an altitude of sbout 16 000 feet were
made through & neighboring cumlus -congestus cloud by 1617 EST.

Cold Front Passing, Polar Continental Afr

Replacing Tropical Mesritime Alr

Flight of August 12, 1041.~ The weather chart (fig. 8(a))

shows an active cold front moving towerd Lahgley Field on Avgust 12,
1941. At 1330 EST it was only aebout 70 miles to the northwest

and passed the station about midnight. Broken alto-cumulus c¢louds
were observed at Langley Field until 1300 EST, when cumulus and
gtrato-cumulus clouds associated with cumulo-nimbus formations moved
in from the northwest. The tops of the highest cumnlo-~nimbus clouds
"were estimated at 40,000 feet.

The radiosonde obaervetion (fiz. 8(1)) shows that the air mass
over Langley Field was typically tropical maxitime, which allowed
8 high aefternocon temperature at the surface. The sounding also
indicates a moderate amount of molsture aloft and ample energy for
towering convection colimms.

At 1414 BST one traverse was begun at 28,000 fest through a
cumvlo-nimbus cloud to the southeast of Langley Field. This cloud
wes part of a formation which lay in .8 northeast-southwest:line and
moved southeastward. The anvil top was ectimated at 40,000 feet.
The traverse lasted about 10 minutes and the alrplans left the cloud
at about 30,000 fest. Before entry, the cloud appeared very dark
and turbulent but with the exception that light rain and hail were
encountered, the traverse was without lncident.

Inmédiately after the flrst cloud was traversed, a cumulus =
congestus cloud, which was of the same formation but whioh appeared
mich less turbulent then the first cloud, was approached, The -
traverse wag started at 1429 EST at en altitude of 30,000 feet,
During the next 15 minutes the airplane wes carried up to 34,000 feet,
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while gust velocities of about 30 feet por second were encountered.
At this point a slight break in the clouds occurred and the descent
was begun through closely packed cumulus-congestus formations.

The descent was most difficult to accompliish because of the
severlity of the turbulence and about 20 minutes was reguired to
reach 20.000 feet. Heavy rain and lesser quantitlies of sleet, hail,
and lce were encountered during the entire period. Shortly after
1500 EST descent to 1000 feet hed been reeched, and landing was

nede at Richmond, Ve. shortly thereafter.

Warm Front Approaching, Polar Maritime Air et

the Surface, Troplcel Maritims Alr Aloft

Flight of April 4, 19hl.- Figure 9(e) shows & large-wave cyclone
affecting most of the eastern half of the United States on April b,
19kl, TLow ceilings and visibilities with light steady drizzle,
typlcal of the conditions in advance of a shallow warm front, were
preosent. Morning observationz at Langley Field showed a solid
alto-cumulus overcast with the celling at 7000 feet and cloud tops
at 12,000 feet. The clouds chenged durin; the afternocn to broken

trato-cumulus clouds with ceiling and cloud. tops at 4000 a.nd. 9000 feet,
respectively. T

The radiosonde observation (fig. 9(b)) shows stable conditions
aloft, the lapse rate. not exceeding the moist adisbatic above .
2000 feet.

Records of pust velocities were teken during traverses of
cirro-stratus cloude and algo in clear eir at altitudes above
20,000 eet at approximately 1545 EST. Traverses were also made
through lower strato-cumulus ¢louds with precipitation being
encotntered at 8000 fest, at epproximstely 1600 EST,

Stationary Front to the South Seperating T+opical

Maritime and Polar Meritime 4Lir

Flight of October 2, 194l.- A poorly defined quasi-stationary
front extended In an eaet-west direction south of Langley Field on
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Octocber 2, 104l as shown in figure 10(a). Precipitation did not
occur generally over the coastal states but did ocour west of the
mounteins. The presence of the front sovth of Langley Field i1s
borne out by the northeasterly surface wind observed during the
afternoon accompanied by cumulus-cloud movement from ‘the southwest
and alto~stratus from the west. The alto-stratus cover was broken
during the day and the cumulus clouds begen to form at 1400 EST.
The meximum development of the cumulus clouds was reached with
tops extending wp to about 11,000 feet at 1500 EST. All cumulus
formations dissipated by 1630 EST.

The redlo.soinding and winds aloft are given in figure 10(b).
From the sounding it appeers that convection could take place because
of surtece heating but might be limited to.a height of about
10,000 feet by the isothermal layer at that altitude,

Surveys were wade through four separate small cumulus-congestus
clouds between 1533 EST and 1541 EST. Tho cumulus-congestus clouds
were observed to be small laterally end reached altitudss of about

11,000 fest. . -
CONCLUDING REMARKS

Although the preceding gust-velocliy meesurements were taken
only within the vicinity of Langley Field, Va., similar conditions
would ressonably be expectsd at other points along the eastern
coast of the Unlted States in similar meteorologicel situations.
Gust velocltles more severe then those measured within any cloud
traversed, however, could be encountered because it obviouely is
not possible to condunct a complete survey of turbulence on each
occagion with the equipment used.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Asroncutics
Langley Field, Va., Qctober 29, 1946
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TABLE I.~- SYMBOLS AND NOMENCIATURE USED IN FIGURES

[A11 symbols and codes used for the plots of
statlion data are described in reference

)5, £

Statrorn rrodels — N\ C
’ 77 \&, PPP

V. WW M IPPa
5E GM WR
A

Synbols ' Definitions

Anealysis

VY Surface cold front
i a B Surface warm front
A, & Surface stationary front
- A& Surface occluded front
-0—-0O0—0— VWeak surface cold front
-9-00— Weak surface warm front
Isobars drawn for every

3 millibars
Precipitation
4 Thunderstorms
\v) Showers
Heil
V4 Lightning
Alr mess (in accordance with reference li)
mpP Poler maritime
m7 Tropical maritime
c/h Polar continental
w Alr warmer than
underlying surface
K Air colder then

anderliying surface

Temperature

e Potential temperature,
degrees centigrade absolute
& Equivalent potential
temperature, degrees
centigrade ebsolute

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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